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Abstract 


Date obtained from a spatial and temporal distri- 
bmpren suudy Of sewage effluent, traced with fluorescent 
eye. dacscharged trom the Municipality of Metropolitan 
Seattle (METRO) West Point treatment facility on Puset 
Sound are presented. 

Following an initial dilution Dyeawheaclor of abou 
1/100 at the discharge line diffuser ports, effluent 
diluted further by only 1/10 was found approximately 
6000 meters north (ebbing current) and 3500 meters south 
(flooding current). Significant concentrations diluted 
ee factor of about 1/3 after leaving the diffuser ports 
meme tOUund near shore, and concentrations diluted by a 
factor of 1/2.3 were found on the West Point beach (3.7 
met erfluent). 

PeOmcOntours Or Sewase concentration and density, 
wide spatial and temporal variations were observed in 
beun throughout the 5 days that the experiments were con- 
ducted “30 August through 3 September 1974). Transverse 
cuts of the plumes indicated that contours of sewage ef- 
fluent generally coincide with density contours indi- 
Cating tnat density stratification is influential in 
confining the distribution of sewase in the Sound. A 
lonsitudinal cut, however, indicated significant pene- 
tration of density lavers by the effluent near the ends 


of the effluent plume. Implications of these phenomenon 





eed 
wenecetine erfluent diffusion in the Sound are discussed. 
Peeceicral, puildup of dye im the Sound over tne period of 


the experiments was not opserved.,. 





Comparison of these dye studies with drogue studies 


carried out simultaneously snow good agreement cquant 


}* 


tetively for the 30 August data and quelitativel: flope 


data obtained on owner days. 





ire LR enoduction 

From 30 August to 3 September, 1974, the Applied 
Beoucs Laboratory (APL) of the University of Washington 
Maer vook 2 Study OF Lhe scwase erfluent distribution in 
Eaeet Sound discharged by the Funicipality of Metropoli- 
tan Seattle (ZETRO) processing plant Wogan aa Oh ye SAU eee: Shisenes 
Seattle. This study addresses two eal questions: 
Where does the sewage g0? What is the nature of tne mix- 
‘ing process acting on the sewage as it is transported 
through Puget Sound? By observing the nature of the ans- 
iemor tO tiecse two questions, conclusions regarding the 
applicability of model types can be drawn. Whether a 
Peerldup Of "Sevase concentration Occurs or whether sewage 
residence times at detectable concentrations are limited 
is investigated as well. 

Data were obtained by cycling a towed sensor, "fish," 
through depths where the sewage was detected. Fluores- 
cent dye was added to the sewage effluent as it was dis- 
charged from the processing plant. This dye was detected 
by the fish’as it was towed through the effluent in the 
Sound. On board, real-time instrumentation allowed ac- 
curate determination of dye concentration, fish depth, 
and vessel position with respect to the sewage effluent 
discharge ports (outfall). The effluent was traced from 
the outfall to the areas in the Sound that it reached. 
aoe io Waecoecopeale of determining temperature and 


€Onaductivity. Density data determined from tne tempera- 
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(ere wena COnGUCLIVIiLy date are also used in this analysis, 

Dye concentration, density, depth and eoeed LOCcas 
tion data were recorded on magnetic tape on board and tnen 
processed ashore to provide raw information used to hand 
Semcour the data. Ihe visualizations permitted by the 
Mentoured data lead to most of the observations meade in 
tails report. 

An investigation of current properties using drogue 
information was conducted by Evans-Hamilton, Inc. in paral- 


Hel with the dye studies.~ 


clusions reached by these studies are made as a result of 


Comments concerning tne con- 


the data obtained from the dye studies. 
This investigator prepared several programs for use 
with the hand held computer-calculator, HP-65, for navi- 


gation and data work-up that are presented in Appendix H. 


it. Experimental Procedure* 





Rhodamine B dye was injected into the sewase efflu- 
emt just upstream of tne post-chlorinators at a constant 
rate of 1.73 kg/hr (dry weight) for the first four days 
ee Lhe experiment (30 August - 2 September). The flow 
from the outfall (located about 1100 meters west of West 
Point at a depth of 73 meters) wae 70.9 million gallons/ 
day (mgd) over this period yielding an average concentra- 
Pieodeet dye in tre pipe of 1.5 x onl g/ec. On 30 August 
the average flow was 82.8 mgd and the dye injection rate 
was 1.85 ke/hr yielding a concentration in the outfall 


of 1.4 x ue al e/ece. A dye injection rate six times that 





3 
Por the first four days was planned for the fifth day, 
ie cancelled due to towing cable failure. 

Dye concentration was measured with an instrument 
packase("fisn") towed behind APL's 50-foot research boat 
padeeycled over 4 depenvavprepriacve tor detectins the dye. 
Prior to pumping dye into the system, a background fluor- 


ae g/ee dye concentra- 


escence level equivalent to 5 x 10 
tion was determined in Puget Sound waters. Since dye 
Beoncentration in the Outfall is about 1.5 x yogel s/ec, 
wats means that a Minimum effluent concentration of 0,33 
Beets per thousand (ppt) could be observed. This cor- 
responds to a maximum dilution factor of 1/3000 obser- 
vable. Towing speeds varied from 3 to 6 knots. Tne fish 
weme1sts Of temperature, electrical conductivity, dye con- 
centration, and depth (pressure) sensors housed in a 
streamlined aluminum tube. A pump Within the fish forces 
hmemer torough the sensors. An electronics packaze accepts 
sensor output, multiplexes the data onto a single conduc- 
tor within the towing cable and transmits the information 
we Shipboard equipment. Figure 1 snows the general con- 
figuration of the fish and internal equipment. A hydrau- 
lic winch was used to tow and cycle the fish vertically. 
This gasoline powered unit is capable of hauling in ata 
rate of 1 meter/second. Both water depth and fish depth 
indications were displayed at the operators station 
Pies thesorperator to cycle the fish near the bottom 


while avoiding a collision with it. 
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The boat's position was determined to within a few 
meters using 2 Motorola Mini-Ranser radar navigation 
systen?, ValewmeleLcrmines Pamee betveen cach Ofeume on- 
shore transponder units and the shipboard master trans- 
Weeds Unit. Ranges were continuously displayed on the 
face of the master console aboarda Pon oCere An HP-65 pro- 
grammable calculator was used to convert oe ange in- 
formation to A-Y coordinates based on the sewage outfall 
position. This real time navigational information was 
essential to assure that the boat's navigation closely 
followed desired paths with respect to the outfall. 

henses aye concentration, fsn and water deptns, 
PadeoLOcx time were all avallaple apoard during the con- 
emet Of Lne experiment. Ramse, all fish data, water depth, 
time, and manually entered "event number" were recorded 
Once per second on magnetic tape that is compatiole with 
ees) CHI 2140 computer. 

Poor LO tie Experiment, 2 series of observations 
was made of the UW Oceanography Department's Puget Sound 
Model in order to provide a rough feeling for the expec- 
fee oehavior of the dye. A wide desree of variability from 
tidal cycle to tidal cycle suggested that a preset pattern 
for sampling would not be workable. Instead, it was 
decided that a series of arcs crossing the Sound in east- 
west directions starting near the outfall and working 
aay 2 tne direction of the current would be the most 


Deeeiective means for detecting the area containins the 
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pueeeeaue 8 ln addition to following this general stra- 
tegy, sweeps back up the plume(s) were conducted; and 
several excursions throusn water outside the boundaries 

of well defined plumes were made to detect detached 

pools that observations of the Puget Sound Model sussested 
iresnt CXiSt. 

These studies and the drogue studies were coordina- 
ted in that the depth at which dye was detected was com- 
ieoeeatead to Lvans-Hamilton personnel for use in settins 
drogue depth, and the establishment of flow followins 
slack water was determined from the drogues and used to. 
time the commencement of the dye detection sweeps. Nor- 


Mae moun 50 Manutes were all@wes to fess after rlow 


eommenced in order to assure a well established current 


bettern prior to sampling. 


mie Dye Concentration and Density Contouring 


Data obtained aboard on magnetic tapes was returned 
to the APL and processed on the CHI 2130 computer to plot 
mewosmecentration and density profiles @ier each cycle of 
Game fish. Figure C (Se Ssamole Of thts OUtpuL Lhace was 
used in plotting dye and density contours. The boat's 
position at the besinning and end of each profile was 
determined from a printout of the data in tabular form 
poesaown in Figure 3. Using this information, plots can 
be mede that correspond to the X and Y positions the 
Sapeemeerreviersea, The tracks made during the dye detection 


sweeps, however, closely approximated straight lines. 
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TABULAR DATA OUTPUT 


FIGURE 3 - 
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This allowed simplifying the contoured data to be plotted 
with respect to distance alongs the approximate straight 
Mame track, Tne straignt line tracks are snown eas the 
mest fisure of each Of Appendices A througn F, “ach 
plot that follows in these Appendices shows distance 
alongs the respective tracks (corresponding to the ap- 
propriate event numbers) with the zero point correspond- 
moneo vn = © or Y = O depending upon whetner the slove 
of the track lies within 45° of the X or the.Y axis res- 
pecuively., Where density contours have been plotted, 
Mey were done on translucent paper so that they may be 
eyerlard On the corresponding dye-contours. This method 
Beeatly improved the visualization of tne contoured data 
and leads to some of the conclusions expressed in this 
report. The depth dimension used in each case is 10 
meters/inch with the water surface at the top line. All 
contoured data are presented as thoush the observer were 
looking nortn for the east-west cuts across the plumes, 
and as though the observer were looking west for the north- 
south cuts, ° Hach data point on both the dye concentra- 
tion and density contours is indicated by a symbol that 
represents the observed concentration at the point plotted. 
Fisure 4 provides a listing of all symbols used. 

The reader will note upon a cursory inspection of 
the plotted data that it 1s closely spaced alongs the 
path of the fish compared to the horizontal distance bet- 


ween successive depth cycles. During the preliminary 
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Figure 4 


Contour Plot Symbols 
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Seomes Of preparing the data, computer programs that were 
Gepeple Of cConvourins were investigated and it was found 
toa none were capable of handling data that was so 
unevenly distributed. Therefore, hand contouring became 
necessary, Although, in most cases, contours could be 
G@eawn in only one Way, occasionally, the data became 
ampiguous and a judgement regarding the most appropriate 
foe LO ara vwne contour nad to be made. 

Tne contoured data are presented in six.segments 
mame Dpendices A wnrougn FF. These correspond to the data 


obteined on the sweeps indicated in Table 1. 


Taole 1 
Experiment Descrivtions 


Day Date Flood/ North/ Direction of Avpendix 
Eob South of Sweev (Toward 
Outfall or Away from 


Outfell) 


i Cornus. Lood DOUun Away A 

e 31 Aug. Ebb North Away B 

2 ples. rood south Away C 

2 31 Aug: Flood South Toward D 

4 2 Sep. Ebb North Single loop Sy 
made iMnereca 

5, Bia2ep. 200 North Salbglent ey plore, F 


made in ares 


* The last event of this segment was a sweep back up the 
plume toward the outfall. 


The time each new event vas besun is indicated on 


Ie 
eacn track sesment on the track plots. The reader will 
Meuse whe Sisnievcant time spans emeompassod in the pat- 
terns presented. It is obvious that the data presented 
ino Sy¥nCptic, Over the period encompassed during 
Simnzle events, the contours propably do approximate a 
meteperc DlCbhuresin that during the short period of time 
(apout 30 minutes more or less) the pattern existing in 
the Sound is unlikely to be changed very much. Further- 
more, changes that do take place within this time frame 
eeewlikely to coniorm to the random processes which pro- 
auec 2 Given pattern that exists at em Giveneinstant. 
The same statement is not opserved to apply over time 


Ao 
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imeomoLes Of Sisnificant change in the plume patterns 
are found in the data during later sweeps of the plume 
Eco Within the same tidal cycle. 

The times of the slack waters that preceded and fol- 
Heed tne plotted tracks, as determined from tidal current 


tables, are also noted on each track plot. 


is. Observations 

The data, as presented in Appendices A through F, 
are intended to be useful to the reader for the purposes 
of whatever perspective might be appropriate to his in- 
memesus., Frergaining bo the specific objectives of the 


MEPRO study, however, some observations are offered. 





IE, 

Variability of Sewase Concentration and Density 

The immediate and obvious observation upon insnec- 
mom or the contoured data is the spatial variability of 
Pomemeye CONCENLraviCnwand densaty that was encountered, 
Seo! the data obtained, day 1 contours ere the most 
uniform, but even these show significant variations in 
@epen and alongs the track. Some of these events show 
mao areas Of high dye concentration instead of a single, 
uniformly developed peak (see events 7 and 10.2, day 1) 
that might be expected of an "idealized" plume. Intru- 
sions of clean water feoneemencion of dye less than 
background) are seen to “ivide the plume in depth also 
(see events 11, 12, and 13, day 1). 

The data obtained on days 2, 4, and 5 all show pat- 
temas Of dyc concentration more complex than tnat of day 
imeeerour Or more discrete filaments are discernible in 
mayen of this data, providing an indication of the complex 
teense processes occuring in the Sound. It bears mention- 
ing, again, that caution must be exercised in analyzing 
the contoured data presented since a significant amount 
of time passes from the start to the completion of each 
event. 


Models and Impnlications 





ine foregoing observations bear significant impact 
on the types of models that may be devised to describe 
fac Cifluent distribution in the Sound. Many models 


Saevae  tiayeote Gliffiusion is radially symmetric, and, 
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Miter bia, Probability distributions are Gaussian or 
buon chape simpler to that of a Gaussian distribution. 
Peon une Loregsoins Observations, it is evident thet nei- 
Gmer of these conditions hold in the Sound. The day 1 
fete most closely approximates these conditions, but 
even this data implies that such models must be used in 
meeuy limited fashton. it has been noted, however, that 
meee tOusn the distribucions observed hardly conform to 
the conditions mentioned above, a good fit was obtained 
on day 1 for a model that assumes the "centerline" con- 
centration.to be approximately an inverse function of 
distance from the outfal’? (concentration provortional to 


sae ree 


¢ 
5 ee tee z/an\4 rm nm L. : 
igee-, woere 1254 <4 3/2) Diem Seman Omega 4+ apeeae tc 


MN 


eonform to such a model as well, but only 5 events were 
Obtained across the plume(s), and the data is, therefore, 
meu cOnclusive. Certainly, any model that attempts to 
Span a time scale greater than one tide could not suc- 
cessfully incorporate the assumptions of a smooth dis- 
tribution and redial symmetry. 

A further assumption, that the effluent may be des- 
ereibed in two horizontal dimensions, is frequently made 
im models used to describe flows such as under study here. 
ie order for such an assumption to be valid, sufficient 
stratification must be present to confine the effluent 
meow alongs density contours only. it will be seen in the 
LowloOvimMeawOnoseryvations that, although stratification greatly 


aifects the distribution of effluent, this assumption, 





Ie, 


pego. 1S NOL valid during portions of the tidal cycle. 

Depth Distribution of Effluent 

Heom wiewovertays Ol density contours it is scen 
geo bie SUratilication in the Seund is influential in 
the ooserved distribution of sewage as indicated by the 
maemer ui boule cyidence Ofedye contours crossing density 
contours exists in the east-west crossings of the plume(s) 
On day 1. Subsequently, on day 2 and 4 data for instance, 
the trend for dye contours to follow density remains evi- 
enue Liousa frequent crossings do occur. This may 
be partially aue vo the monned in which the data was 
processed. Following th~ first day's experiment, a sig- 
nificant lag in density detector(s) response occurred, 
possibly due to a pump or piping malfunction (leak) that 
went undetected. This necessitated averasing the density 
eam Pemicen successive hali cycles to eliminate the time 
lag. Therefore, the contours presented for days 2 and 4 
represent values averaged over from 50 to 200 meters, 
depending upon the distance covered by the boat between 
eycles. The smaller scale density fluctuations were 
thus averaged out while the dye detection equipment con- 
tinued to function properly, allowing the smaller scale 
dye concentration structure to be observed. 

fhveromaOLevOrunly that, am areas very close to tne 
SUuurall and at low current velocities, the effluent was 
gole cO Significantly affect the density structure. 


haemo eon day 1, event 12,1 on day 2, and event 2 on 





1G 
day 4 all show a divergence of density contours surround- 
ing areas of hign dye (sewage) concentration. These areas 
may be considered "active" in the sense that the deeper 
Mem .ltOns Of the high sewage concentrations are lignter 
Pmemeynertr Surroundineas and the shallower portions are 
heavier. These conditions were senerally observed within 
about 400 meters or less of the outfall. During veriods 
Meme thie OUtfall waen the current velocity is relatively 
low, Significant vertical penetration of the dye appears 
to take place from tnese active processes and may lead to 


the observations described in the following paragranpns. 


onsitudinal Distrimution of Sewase 


4 


() 


2 uC IC Ommmer th 


vice Lom aay Loaere ee feu 
WemoOuun near the end orf an ebbing current. The density 
contours overlaid upon the dye contours clearly show tha 
dye penetrates density contours. Tne plume, shown to be 
separated by about 1400 meters in the portion generated 
aoe tne latter half of the tidal cycle, displays ends 
in each segment that reach a lesser density layer at the 
mesincrn end than 1s the case with the remainder of the 
Baoichiumsccauce Lie density contours are penetrated, 
models that attempt a two dimensional description cannot 
pe directly applied. (It has already been shown that a 
simple plume description is not appropriate due to the 
extreme variability of the flow both spatially and tem- 


porally.) The cause for this observed penetration of 


the density layers cannot be stated with much confi- 
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dence because of the limited amount of data available 
Meneitudinally. Because shallow portions of the plume 
seements lie at the ends, it 18 possible that the greater 
penetration occurs during periods of low current vel- 
ocity that Siceums Guming a change of time and duce to 
Seencine current conditions in the middle of a tidal 
cycle (perhaps the disestablishment of an inshore eddy 
Seon ti cantly slows the current flow over the outfall 
maemo perlod of time folliewed by a return to. greater 
WeweeciuaesS as tne — trajectory becomes established). 
During this period, lateral mixing processes might be more 
severely restricted and thereby diffuse less of the 
Pwevcani. Momenwm of tne efiluent as it leaves the mining 
ports of the outfall. This would tend to cause the ef- 
fiuent to penetrate to a shallower density area tnan if 
Meomeurcem, Velocity were Wigner. Further investigation 
medecded to beLLer clarify the processes that cause this 
phenomenon. 

Surface Penetration 

It is significant to note thay no dye was detected 
Seeene Surrace during these experiments. In general, 
Only infrequently did dye penetrate to above 20 meters, 
reaching only about 4 or 5 meters at the most. A signi- 
micanu excepulon to this occurred on day 5, from 2000 
mo. 5500 meters north of the outfall. Significant con- 
centrations were detected to about 4 meters of the surface, 
Poe tietewricely from observations of the contoured data 


CimevetheamO® and 2.2 Of day 5, that dye may have reached 








ee 
Peaoptm Otel Or 2 merers. significantly, wind condi- 
tions that prevailed during day 5 were different (though 
not particularly severe) than on the previous days that 
bie Experiments were conducted. Wind records from the 
West Point Coast Guard station show a reversal of the wind 
from NE on day 4 to SSE on day 5 with an increase in 
average speed from 7.5 to 10.7 knots. Although the mas- 
nitude of this speed increase does not seem large, a 
Significant change of surface wave conditions were noted 
on day 5. Also, a lesser density stratification was noted. 
These conditions eon had an impact on the dye dis- 
tribution that was observed. I1t would be expected tnat 
an even greater distribution in deptn might be noted in 
the winter, and this, from preliminary indications thus 
far in the winter experiment analysis, was the case. 


Dimlbiei1 On Of ocewace HErrluent in the Sound 





The maximum concentration of dye observed through- 
Ble, Une conduct of the experiments occurred during a 
mood Lide on day 2, event 12.1. A value of 1.26 x 107” g/ec 
was observed 400 meters south and 200 meters east of the 
outfall. This represents a sHbecalomeensieor of 1/119 
Since the mean concentration in the outfall on day 2 
was 1.5 x om g/ec. Of interest is that a concentra- 


mmon Of L.6 xX 10719 


g/ce was observed over 6000 meters 
north of the outfall on event 10, day 2. This represents 
a dilution factor of only 1/7.9 in the distance! Since 


the subsequent event, ll on day 2, shows two segments, 
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the impression that the northerly segment belongs to 
a previous tidal cycle was gained, but found not likely. 
Direct measurement of current velocity by drogues was 
not accomplished on this day's experiment. However, 
by using the maximum current observed for all of the 
drogue studies (day 1), of 38 em/sec, and the fact that 
the average current during a tidal current of the dur- 
ation observed is approximately .64 times the maximum 
Pelecity, a current velocity average much in excess of 
24.2 em/sec over the tidal cycle involved is not likely. 
1g six hours at this speed, a distance of 5250 meters 
could have been traveled by the leading edge of the 
plume without taking into consideration mixing that 
®cceurs, It is not unreasonable, therefore, that it 
reached 6000 meters in a single tidal ebb current. Pos- 
sibly, during the portion of the ebb that occurred at 
relatively high current velocities, the plume was directed 
toward the eastern part of the Sound (toward Shilshole Bay) 
and as the ebb began and also near (but not at) the 
end when it slowed, it changed to a more central route 
up the center of the Sound. Such a pattern (and the many 
Others that represent such widely variable character- 
Petiecs) further serves to emphasize the difficulty in 
modeling flow in the Sound. 

From these ooservations, it is evident that, as 
meinted out in the preliminary report to METRO, most of 


tae mmrcing and dilution of the effluent occurs at the 
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diffuser ports at the outfall. Peet CONCeIERr a LLONs 
were observed south of the outfall as well, althoush at 
peaictanee Only nalit that observed to the north. On day 


poe g/cc was 


2, event 20, a concentration of 4.0 x 10 
ooserved nearly 3000 meters to the south and very near 
shore. This concentration represents a dilution factor 
of only 1/3.8 to the hishest concentration observed near 
mac Cugtall on this day. 

The data indicates that sewage reaches considerable 
distances north and south of the outfall and very near 


shore with little dilution from Iie rete Sound , 


fememim One Lidal cycle. 


Throughout the five days the experiments were con- 
ducted, a builduv of a dye background was not ovserved. 
All dye observed showed distinct boundaries, whether 
part of the main plume(s) or drifting patches. The con- 
centrations within the plume areas remained relatively 
consistent and clean (less than background dye concen- 
tration) water can be found bounding and intruding within 
the main concentrations. Several excursions were made 
Outside the main plume(s) and dye was not detected. It 
Mom@itiicult to positively identity patches of dye as 
belonging to a previous tidal cycle, althoush event 4 
On day 2 is a likely candidate since the location and 
concentration of this dye patch seems to indicate that 


Mietec Ob part Of the main clume(s). It avnpears that 


a 

most of the sewage that enters the Sound may be mixed 
membelow backeround concentrations witnin two tidal cycles. 

pewap.e Near Shore 

GConcentmen Onemen effluent ransine as high as 2.7 
ppt were observed on several occasions very near shore, 
ema north and south of the outfall. This is somewhat 
evident during the day 1 experiment in events 7 and ll, 
ifieemost Vivid on day 2 during events 2O and el taken 
Mmiias Southerly sweeps. Observations during northerly 
sweeps include day 4 event 3.1, and day 5, events O and 2.2. 
As shore is neared, water depth decreases and the depth ~ 
wemwaich the fish is eycled is correspondingly reduced 
emeaecils iS seen in the plots of the ebove tracks. Where 
the fish depth decreases in tnese plots Significant con- 
weir auLOns Of dye were detected, and, in most ceses, 
mew cOncentrations acutally inerease, possibly due to a 
near shore eddy. That effluent reaches shore is confirmed 
by bottle samples taken on both the north and south beach- 
emer west Foint. Dye concentrations as nigh as 5.1 


-1¢ 


110 g/ee (corresponding to an effluent concentration 


of 3.4 ppt) were observed on the beach north of West 


Bean. and as high as 5.5 x lo 


g/ee (3.7 ppt effluent) 
Soe, Le is evident that sewage diluted by a factor of 
Men5 of that found to be the maximum after exiting the 


eeruser ports finds its way ashore. 


ee fom: Of BIrec 1n tne Svrsten 


In an attenot to determine whether significant por- 
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tions of the effluent discharged into the Sound were 
PemieUndetectca, 2a mass Dalance of day 1 data for events 
10.2 through 12 was made. Day 1 was chosen since the plume 
pattern was more uniform that day and a good cross sec- 
tion of the dye in the plume was obtained for each of the 
events used. Dye contoured data was averaged for each 
5m by 25 m area transverse to the plume. “These values 
were then added to provide a figure for the total amount 
Bop aye per longitudinal centimeter as demonstrated by 


the following relation: 


Cay [9/em] = (> C. (42) 25 x10*{em’} n 


wneres 0, «= tne concentration observed in an indi- 
6 
vidual 1.25 x 10° em* cross sectional 


area (g/om?/1.25 x 10° em“) 


Coy = a linear concentration along the plume 
axis (g/cm) for a given event (ev) 
n =the = numberwor 1 525-= 10° om= squares 


for which a concentration (C;) was 


: Observed duning the Cyvent 


ane values of c., for the three events were averaged, 
thereby entertaining the approximation that current pro- 
perties were the same as each of these segments of water 
passed the outfall. Using the average value of Cae 3. 
BaOo x om (s/em), and assuming that this average fig- 


ure persisted for one nour (t = 3600 sec), and further 








ee, 
assuming, that this segment of dye passed over the out- 
fall at an average of one nour following the commence- 
ment of the flood tide (an approximation based on the time 
of placement of the drogues into the water and the observed 
position of the boat with respect to the drogues during 
mars portion of the experiment) at a velocity nal? Om 
the maximum observed from the drogue data (v = .5 x 38 
em/sec), the quantity of dye, q g/hr, entering the Sound 


4g determined as follows: 


(3.08 x 107°)(0.5 x 38)(3600) 


EuOOug ar (Or 2s key 


The actual injection rate measured at the dye pumping 
equipment located at the West Point sewage treatment 
facility was 1.73 kg/hr. Agreement between these two 
meeures is good and there is no indication that dye is 
entering the system and going undetected into areas 


outside the observed plume, 


VI. Comparisons with Drogue Studies . 

The data obtained on day 1 were digitized and ana- 
iyzed to provide statistics that could be directly com- 
pared with those obtained by C. C. Ebbesmeyer of Evans- 
Bemilton, Inc. Density contours for events 6 through 14 
maar One were used to prepare digitized data for each 


© on), 


5 m by 25 m sausre cross-section (1.25 x 10° em (USK. 
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data are presented in Appendix G. Values shown are in 
tenths of a power of ten that is added to the power -10,3 
Si ten. For example; a value of 4,5 shown on the grid is 
eguivelent to a power of 0.45 to be added to -10.3, 
yielding a power of ten equal to -9,85. Tne concentra- 
tion represented is therefore 107995 “an this case, or 
O.14 x one over the 1.25 x 10° om® area. ‘The abscissa 
dimensions are arbitrarily selected digits each repre- 
. senting 25 meters along the track. A program was pre- 
pared for the REG ee ie er eeneul ator to calculhacve 
eentroids in both dimensions, and another prepared to 
@omculacve the standard deviations .and variances of the 

The data determined in this way are presented as 
Table 2. A plot of a plume that corresponds to Figure 
Ba of the Evans-Hamilton final drogue report! is pre- 
sented as Figure 5. Standard deviation data were converted 
tO represent tnose obtained by C. C. Ebbesmeyer along 
the axis shown in his Figure a. A plot of this data 
versus distance from the outfall is presented as Figure 6, 
and can be directly compared with Figure 8 of the Evans- 
Hamilton report that is enclosed’ as Figure 7 (overlay 
Figure 6 on 7 for comparison). 

The day 1 dye experiment analyzed in this way gen- 
erally confirms the drogue data. Differences that do 
Secur are probablyemere a result of the difference in 


time that the dye data was obtained with respect to that 


| 
| 
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Pathe arosue data (dye dats is about = to 1 hour later 
Pmen the drosue data on day 1). Also, a qualitative 
inspection of data from experiments conducted on subse- 
quent days confirms the general pattern observed using 
the drogues. However, from the dye studies, it is seen 
that distinct filaments are observed along with a wide 
m@eeree Of variability of concentration in general, and 
these pore ee one would indicate that the current pro- 
perties as observed using drogue data are likely to be 
Significantly optimistic with respect to the concentra- 
tions that they predict. It is not possible to detect 
Peividual filaments using drogues, and it is evident 
Meo lL ti —-tilament 
Bady coefficients therefore cannot generally be predicted 
confidently using models consistent with the smoothly 


averaged type of data obtainable from drogues. 


VII. Summary 


Most of the mixing over a single tidal cycle ap- 
@aeentiy Lakes place at the diffuser port at tne outfall. 
The maximum concentration found in the vicinity of the 
outfall was 1,26 x 107? g/ec, representing a dilution of 
the sewage by a factor of 1/119. After leaving the vici- 
mine Ot tae OUtlall. very large spatial and tempor: 
variations of sewase concentrations are found in the 
Bound, (The same can be Said of density profiles.) In- 


Pree wees Of Sevyase diluted by a factor of less tha 
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1/10 in the Sound proper were found as far as 6 km north 
ana 43.5 km south of the outfall. Near shore, cconcentrsa- 
tions as high as 4 x 10719 g/ec were noted, representing 
adilution by a factor of 1/3.1 since entering the Sound. 
Sample bottles asnore were found to contain concentra- 


see) 
© g/ec, representing a dilution 


immeons as nigh as 5.5 x 10 
mee factor Of just 1/2.3. 


linemweeate Mmiclecave that Lhe agensity stratification i 


{i 


influential in confining the distribution of sewage in 
qepth, and little significant crossing of dye and den- 
Pee CONtOUrS Occurs in the transverse cuts across the 
meomes, A lonsitudinal cut back up a plume near the end 
of an ebd current, however, demonstrated Significant cross-— 
Minor aenSity contours Dy dye concentration contours 
Which was most pronounced neer the ends of the vnlumes., 
This may indicate that the sewage is more effective in 
Pomevrating the bycnocline over the outfall during Low 
eerrent velocities. 

Models that are used to describe diffusion of the 
Mepelire OcCCcUri4ng from the METRO sewage outfall at West 
remn. often assume that tae flow is CWO Vet mens1Ona ls Or 
even that the diffusion is radially symmetric. xperi- 
mental observations indicate that none of these assumptions 
can be applied to the conditions existing in the Sound 
without accepting very significant error except over an 
Sweciely Limivea rence of Space and time scales. If 


two-dimensional models are employed, they should be ap- 





Bl 

fmioceDO Lieu DOrLiOn Of the tidaly cycles thet contein 
well esteblished currents, since some evidence exists 
Gea, sevasze penetrates density contours more during the 
Mepcialt Stases Of the cycle. A model that assumes the 
"centerline" concentration to be approximately an inverse 
feet ion: of distance from the outfall was applied to 
mie Cava Witn limited success. Such @ model applies 
euring tidal cycles that produce a plume that is well 
defined and contains little transverse varietion. Such 
a cOndition leads to less mixing then in plumes contain- 
ing more variability (ie: more filaments or eddies). 
Only tne data from day 1 provided a significant indica- 
imei Lor SUCCESS Of Such a model, 

ine buildup of a general dye backsround was not ob- 
served althoush it is not vossibvle to say that the clear 
water observed in the SRDSAINISNS Wad a result of advec- 
tion of dye out of the observation rense (unlikely), or 
Beresulit of dye having been diluted to below the limits 
of detectability. This experiment did not address the 
question of wnat happnens after a tidal cycle is complete 
Meee respect to whether dye is transported back across 
eae ,OULLalLlL, thereby surviving the current reversal, 
The Winter experiment, under analysis at this time, in- 
mecctcs taat Significant patches of dye do, in fact, 
survive the reversal in current and are transported back 
8 


Bewoss tie Outtrall. 


Comparison of the dye studies deta with drosue stu- 


Oe 
ree Gaba indicavres that the two are generally consistent. 
Peeniticantly, however, the variability of conditions 
that were found in the dye studies cannot be determined 
memcromue studies. nerefore, the drosue data probably 
meaerestLimates the peak concentrations likely to be 


opserved:in nature. 
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